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Description 
Government Rights 

5 This invention was made with government support provided by the Office of Naval Research and the National Sci- 

ence Foundation under the terms of No. STC PHY 8920108. The government has certain rights in the invention. 

Field of the Invention 

10 This invention relates generally to methods utilizing lasers for modifying internal and external surfaces of material 
such as by ablation or changing properties in structure of materials. This invention may be used for a variety of materi- 
als. 

Background of the Invention 

15 

Laser induced breakdown of a material causes chemical and physical changes, chemical and physical breakdown, 
disintegration, ablation, and vaporization. Lasers provide good control for procedures which require precision such as 
inscribing a micro pattern. Pulsed rather than continuous beams are more effective for many procedures, including 
medical procedures. A pulsed laser beam comprises bursts or pulses of light which are of very short duration, for exam- 

20 pie, on the order of 1 0 nanoseconds in duration or less. Typically these pulses are separated by periods of quiescence. 
The peak power of each pulse is relatively high often on the order of gigawatts and capable of intensity on the order of 
10"*^ w/cm^. Although the laser beam is focused onto an area having a selected diameter, the effect of the beam 
extends beyond the focused area or spot to adversely affect peripheral areas adjacent to the spot. Sometimes the 
peripheral area affected is several times greater than the spot itself. This presents a problem, particularly where tissue 

25 is affected in a medical procedure. In the field of laser machining, current lasers using nanosecond pulses cannot pro- 
duce features with a high degree of precision and control, particularly when nonabsorptive wavelengths are used. 

It is a general object to provide a method to localize laser induced breakdown. Another object is to provide a 
method to induce breakdown in a preselected pattern in a material or on a material. 

30 Summary of the invention 

In one aspect the invention provides a method for laser induced breaklown of a material with a pulsed laser beam 
where the material is characterized by a relationship of fluence breakdown threshold {F^^) versus laser beam pulse 
width (T) that exhibits an abrupt, rapid, and distinct change or at least a clearly detectable and distinct change in slope 

35 at a predetermined laser pulse width value. The method comprises generating a beam of laser pulses in which each 
pulse has a pulse width equal to or less than the predetermined laser pulse width value. The beam is focused to a point 
at or beneath the surface of a material where laser induced breakdown is desired. 

In one aspect, the invention may be understood by further defining the predetermined laser pulse width as follows: 
the relationship between fluence breakdown threshold and laser pulse defines a curve having a first portion spanning 

40 a range of relatively long (high) pulse width where fluence breakdown threshold (Fth) varies with the square root of pulse 
width {Y^^. The curve has a second portion spanning a range of short (low) pulse width relative to the first portion. The 
proportionality between fluence breakdown threshold and pulse width differ in the first and second portions of the curve 
and the predetermined pulse width is that point along the curve between its first and second portions. In other words, 
the predetermined pulse width is the point where the versus Xp relationship no longer applies, and, of course, it does 

45 not apply for pulse widths shorter than the predetermined pulse width. 

The scaling of fluence breakdown threshold (Fth) a function of pulse width (T) is expressed as Fth proportional 
to the square root of (T^^^) is demonstrated in the pulse width regime to the nanosecond range. The invention provides 
methods for operating in pulse widths to the picosecond and femtosecond regime where we have found that the break- 
down threshold (Fth) does not vary with the square root of pulse width {VA). 

50 Pulse width duration from nanosecond down to the femtosecond range is accomplished by generating a short opti- 
cal pulse having a predetermined duration from an optical oscillator. Next the short optical pulse is stretched in time by 
a factor of between about 500 and 10,000 to produce a timed stretched optical pulse to be amplified. Then, the time 
stretched optical pulse is amplified in a solid state amplifying media. This includes combining the time stretched optical 
pulse with an optical pulse generated by a second laser used to pump the solid state amplifying media. The amplified 

55 pulse is then recompressed back to its original pulse duration. 

In one embodiment, a laser oscillator generates a very short pulse on the order of 10 to 100 femtoseconds at a rel- 
atively low energy on the order of 0.001 to 10 nanojoules. Then, it is stretched to approximately 100 picoseconds to 1 
nanosecond and 0.001 to 10 nanojoules. Then, it is amplified to typically on the order of 0.001 to 1 ,000 millijoules and 
100 picoseconds to 1 nanosecond and then recompressed. In its final state it is 10 to 200 femtoseconds and 0.001 to 
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1 ,000 millijoules. Although the system for generating the pulse may vary, it is preferred that the laser medium be sap- 
phire which includes a titanium impurity responsible for the lasing action. 

In one aspect, the method of the invention provides a laser beam which defines a spot that has a lateral gaussian 
profile characterized in that f luence at or near the center of the beam spot Is greater than the threshold f luence whereby 

5 the laser induced breakdown is ablation of an area within the spot. The maximum intensity is at the very center of the 
beam waist. The beam waist is the point in the beam where wave-front becomes a perfect plane; that is, its radius of 
curvature is infinite. This center is at radius R = 0 in the x-y axis and along the Z axis, Z = 0. This makes it possible to 
damage material in a very small volume Z = 0, R = 0. Thus it is possible to make features smaller than spot size in the 
x-y focal plane and smaller than the Rayleigh range (depth of focus) in the Z axis. It is preferred that the pulse width 

10 duration be in the femtosecond range although pulse duration of higher value may be used so long as the value is less 
than the pulse width defined by an abrupt or discernable change in slope of f luence breakdown threshold versus laser 
beam pulse width. 

In another aspect, a diaphragm, disk, or mask is placed in the path of the beam to block at least a portion of the 
beam to cause the beam to assume a desired geometric configuration. In still further aspects, desired beam conf igura- 

15 tions are achieved by varying beam spot size or through Fourier Transform (FT) pulse shaping to cause a special fre- 
quency distribution to provide a geometric shape. 

It is preferred that the beam have an energy in the range of 10 nJ (nanojoules) to 1 millijoule and that the beam 
have a f luence in the range of 0. 1 J/cm^ to 1 00 J/cm^ Qoules per centimeter square). It is preferred that the wavelength 
be in a range of 200 nm (nanometers) to 1 inm (micron). 

20 Advantageously, the invention provides a new method for determining the optimum pulse width duration regime for 
a specific material and a procedure for using such regime to produce a precisely configured cut or void in or on a mate- 
rial. For a given material the regime is reproducible by the method of the invention. Advantageously, very high intensity 
results from the method with a modest amount of energy and the spot size can be very small. Damage to adjoining area 
is minimized which is particularly important to human and animal tissue. 

25 These and other object features and advantages of the invention will be become apparent from the following 
description of the preferred embodiments, claims, and accompanying drawings. 

Brief Description of the Drawing s 

30 Figure 1 is a schematic representation of a laser induced breatelown experimental system which includes a 
chirped pulse amplification laser system and means for detecting scattered and transmitted energy. If the sample is 
transparent, then transmitted energy can also be measured. 

Figure 2 is a plot of scattered energy versus incident f luence obtained for an opaque (gold) sample using the sys- 
tem in Figure 1 operated at 150 femtoseconds (fs) pulse duration. 

35 Figure 3 is a plot of calculated and experimental values of threshold f luence versus pulse width for gold, with exper- 
imental values obtained for the gold sample using the system of Figure 1 operated at 800 nm wavelength. The arrow 
shows the point on the plot where the Fth proportional to T^^^ no longer applies, as this relationship only holds for pulse 
widths down to a certain level as shown by the solid line. 

Figure 4 is a graphical representation of sub-spot size ablation/machining in gold based on arbitrary units and 

40 showing Fth the threshold fluence needed to initiate material removal; Rs the spot size of the incident beam and Ra the 
radius of the ablated hole in the x-y plane. 

Figure 5 is a schematic illustration of a beam intensity profile showing that for laser micro-machining with ultrafast 
pulse according to the invention, only the peak of the beam intensity profile exceeds the threshold intensity for abla- 
tion/machining. 

45 Figure 6A and B are schematic illustrations of a beam showing the placement of a disk-shaped mask in the beam 
path. 

Figure 7 is a plot of scattered plasma emission and transmitted laser pulse as a function of incident laser pulse 
energy for a transparent glass sample, Si02. 

Figure 8 is a plot of fluence threshold (Fth) versus pulse width (T) for the transparent glass sample of Figure 7 
50 showing that F^h varying with only holds for pulse widths down to a certain level as shown by the solid line. Previous 
work of others is shown in the long pulse width regime (Squares, Smith Optical Eng 17, 1978 and Triangles, Stotowski, 
NBS Spec Bui 541, 1978). 

Figure 9 is a plot of fluence threshold versus pulse width for corneal tissue, damage threshold for cornea, again 
showing that the proportionality between Ffh and pulse width follows the relationship only for pulse widths which are 
55 relatively long. 

Figures 1 0 and 1 1 are plots of plasma emission versus laser fluence showing that at 1 70fs (Figure 1 0) pulse width 
the Fth is very clearly defined compared to 7ns (Figure 1 1 ) pulse width where It Is very unclear. Figures 1 0 and 1 1 both 
show breakdown data for human cornea at, respectively 1 70fs and 7ns. 

Figure 12 is a plot of impact ionization rate per unit distance determined by experiment and theoretical calculation. 
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Figures 13A and B are schematic illustrations of beam profile along the longitudinal Z axis and sharing precise 
control of damage - dimension along the Z axis. 

Detailed Description of the Preferred Embodiments 

5 

Referring to Figure 1 there is shown an apparatus for performing tests to determine the laser induced breakdown 
threshold as a function of laser pulse width in the nanosecond to femtosecond range using a chirped-pulse amplification 
(CPA) laser system. The basic configuration of such a CPA system is described in U.S. Patent No. 5,235,606 which is 
assigned to the assignee of the present invention and which has inventors in common with this present application. U.S. 

10 Patent No. 5,235,606 is incorporated herein by reference in its entirety 

Chirped-pulse amplification systems have been described by Jeffrey Squier and Gerard Mourou, two of the joint 
inventors in the present application, in a publication entitled Laser Focus World published by Pennwell in June of 1992. 
It is described that CPA systems can be roughly divided into four categories. The first includes the high energy low rep- 
etition systems such as ND glass lasers with outputs of several joules but they may fire less than 1 shot per minute. A 

15 second category are lasers that have an output of approximately 1 joule and repetition rates from 1 to 20 hertz. The 
third group consists of millijoule level lasers that operate at rates ranging from 1 to 10 kilohertz. A fourth group of lasers 
operates at 250 to 350 kilohertz and produces a 1 to 2 microjoules per pulse. In 5,235,606 several solid state amplifying 
materials are identified and the invention of 5,235,606 is illustrated using the Alexandrite. The examples below use 
Ti:Sapphire and generally follow the basic process of 5,235,606 with some variations as described below. 

20 The illustrative examples described below generally pertain to pulse energies less than a microjoule and often in 
the nanojoule range with pulse duration in the range of hundreds of picoseconds or less and the frequency on the order 
of 1 kilohertz. But these examples are merely illustrative and the invention is not limited thereby. 

In a basic scheme for CPA, first a short pulse is generated. Ideally the pulse from the oscillator is sufficiently short 
so that further pulse compression is not necessary After the pulse is produced it is stretched by a grating pair arranged 

25 to provide positive group velocity dispersion. The amount the pulse is stretched depends on the amount of amplification. 
Below a millijoule, tens of picoseconds are usually sufficient. A first stage of amplification typically takes place in either 
a regenerative or a multipass amplifier. In one configuration this consists of an optical resonator that contains the gain 
media, a Pockels cell, and a thin film polarizer. After the regenerative amplification stage the pulse can either be recom- 
pressed or further amplified. The compressor consists of a grating or grating pair arranged to provide negative group 

30 velocity dispersion. Gratings are used in the compressor to correspond to those in the stretching stage. More particulars 
of a typical system are described in U.S. Patent No. 5,235,606, previously incorporated herein by reference. 

An important aspect of the invention is the development of a characteristic curve of fluence breakdown threshold 
Fth as a function of laser pulse width specific to a material. Then identify on such curve, the point at which there is an 
abrupt, or distinct and rapid change or at least a discernable change in slope characteristic of the material. In general 

35 it is more desirable to operate past this point because of the more precise control of the laser induced breakdown (LIB) 
or ablation threshold. 

Example 1 - Opaque IMaterial 

40 Figure 1 shows an experimental setup for determining threshold fluence by determining scattered energy versus 
incident fluence and by determining threshold fluence versus pulse width. The system includes means for generating a 
pulsed laser beam as described earlier, and means, typically a lens, for collecting emission from the target to a photo- 
multiplier tube. Change of transmission through a transparent sample is measured with an energy meter. 

Figure 2 shows a plot of data obtained from an absorbing medium which is gold using 150 fs pulse and Figure 3 

45 shows threshold fluence versus pulse width. The arrow in Figure 3 identifies the point at which the relationship between 
the threshold fluence and pulse width varies dramatically 

In experimental conditions with wavelength of 800 nm and 200 fs pulses on gold (Figure 3), the absorption depth 
is 275 A with a diffusion length of 50A. In the case of nanosecond pulses the diffusion length, which is on the order of 
10 |im (micron) in diameter, is much longer than the absorption depth, resulting in thermal diffusion being the limiting 

50 factor in feature size resolution. Empirical evidence for the existence of these two regimes is as exhibited in Figure 3. 
Here both experimental and theoretical ablation thresholds are plotted as a function of pulse width. An arrow at approx- 
imately 7 picoseconds pulse width (designated herein as T or Xp) delineates the point (or region closely bounding that 
point) at which the thermal diffusion length (Ith) is equal to the absorption depth (1/a). It is clear that for a smaller size 
spot a shorter (smaller) pulse is necessary. For spot size on the order of 1 000 A or less, pulse width on the order of 1 00 

55 femtoseconds or less will be needed. It is clear from the figure that this is the point at which the ablation threshold tran- 
sitions from a slowly varying or nearly constant value as a function of pulse width to one that is dramatically dependent 
on pulse time. This result is surprising. It has been demonstrated that the electron thermalization time for laser depos- 
ited energy in gold is on the order of, or less than, 500 fs and the electron-lattice interaction time is 1 ps. The conse- 
quences of this for ultralast laser pulses is that the energy is contained within the beam spot. In fact for energies at or 
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near the threshold for ablation, the spatial profile of the laser beam will determine the size and shape of the region being 
ablated (Figures 4 and 5). 

Additional experiments were performed to measure the amount of recombination light produced as a function of the 
f luence impinging on a gold film. The technique involved is based upon the experimental setup previously described. A 

5 basic assumption is that the intensity of the light is proportional to the amount of material ablated. In Figure 4, the mate- 
rial removed is plotted as a function of f luence. A well defined threshold f luence is observed at which material removal 
is initiated. By having only a small fraction of the gaussian beam where the fluence is greater than the threshold, the 
ablated region can be restricted to this small area. In Figure 4, is the radial position on the beam where the fluence 
is at threshold. Ablation, then, occurs only within a radius R^. It is evident that by properly choosing the incident fluence, 

10 the ablated spot or hole can in principle be smaller than the spot size, Rq. This concept is shown schematically in Figure 
5. Although the data for a 1 50 fs pulse is shown in Figure 4, this threshold behavior is exhibited in a wide range of pulse 
widths. However, sub spot size ablation is not possible in the longer pulse regimes, due to the dominance of thermal 
diffusion as will be described below. 

Additional experiments on opaque materials used a 800 nm Ti:Sapphire oscillator whose pulses were stretched by 

15 a grating pair, amplified in a regenerative amplifier operating at 1 kHz, and finally recompressed by another grating pair. 
Pulse widths from 7 ns to 100 is were obtained. The beam was focused with a 10x objective, implying a theoretical spot 
size of 3.0 ^m in diameter. A SEM photo-micrograph of ablated holes obtained in a silver film on glass, using a pulse 
width of 200 fs and a pulse energy of 30 nJ (fluence of 0.4 J/cm^) produced two holes of diameter approximately 0.3 
lLim in diameter. Similar results have been obtained in aluminum. 

20 These results suggest that by producing a smaller spot size which is a function of numerical aperture and wave- 
length, even smaller holes can be machined. We have demonstrated the ability to generate the fourth harmonic (200 
nm) using a nonlinear crystal. Thus by using a stronger objective lens along with the 200 nm light, holes with diameters 
of 200 angstroms could in principle be formed. 

These examples show that by using femtosecond pulses the spatial resolution of the ablation/machining process 

25 can be considerably less than the wavelength of the laser radiation used to produce it. The ablated holes have an area 
or diameter less than the area or diameter of the spot size. In the special case of diffraction limited spot size, the ablated 
hole has a size (diameter) less than the fundamental wavelength size. We have produced laser ablated holes with diam- 
eters less than the spot diameter and with diameters 10% or less of the laser beam spot size. For ultrafast pulses in 
metals the thermal diffusion length, lth=(l^t) ^ (where D is the thermal diffusivity and t the pulse time), is significantly 

30 smaller than the absorption depth (1/a), where a is the absorption coefficient for the radiation. 

Those skilled in the art will understand that the basic method of the invention may be utilized in alternative embod- 
iments depending on the desired configurations of the induced breakdown. Examples include, but are not limited to 
using a mask in the beam path, varying spot size, adjusting focus position by moving the lens, adjusting laser cavity 
design, Fourier Transform (FT) shaping, using a laser operating mode other than TEMoo, and adjusting the Rayleigh 

35 range, the depth of focus or beam waist. 

The use of a mask is illustrated in Figure 6A and B. The basic method consists of placing a mask in the beam path 
or on the target itself. If it is desired to block a portion of the beam, the mask should be made of an opaque material and 
be suspended in the beam path (Figure 6A) alternatively, the mask may be placed on the target and be absorptive so 
as to contour the target to the shape of the mask (Figure 6B). 

40 The varying spot size is accomplished by varying the laster f/#, i.e., varying the focal length of the lens or input 
beam size to the lens as by adjustable diaphragm. 

Operation in other than the TEMoo mode means that higher order transverse modes could be used. This affects 
the beam and material as follows: the beam need not be circular or gaussian in intensity The material will be ablated 
corresponding to the beam shape. 

45 The Rayleigh range (Z axis) may be adjusted by varying the beam diameter, where the focal plane is in the x-y axis. 

Example 2 - Transparent IMaterial 

A series of tests were performed on an Si02 (glass) sample to determine the laser induced breakdown (LIB) 
50 threshold as a function of laser pulse width between 1 50 fs - 7 ns, using a CPA laser system. The short pulse laser used 
was a 10 Hz Ti:Sapphire oscillator amplifier system based on the CPA technique. The laser pulse was focused by an f 
= 25 cm lens inside the Si02 sample. The Rayleigh length of the focused beam is ~ 2 mm. The focused spot size was 
measured in-situ by a microscope objective lens. The measured spot size FWHM (full width at half max) was 26 |im in 
diameter in a gaussian mode. The fused silica samples were made from Corning 7940, with a thickness of 0.15 mm. 
55 They were optically polished on both sides with a scratch/dig of 20-10. Each sample was cleaned by methanol before 
the experiment. Thin samples were used in order to avoid the complications of self-focusing of the laser pulses in the 
bulk. The Si02 sample was mounted on a computer controlled motorized X-Y translation stage. Each location on the 
sample was illuminated by the laser only once. 

Two diagnostics were used to determine the breakdown threshold Fth- First, the plasma emission from the focal 
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region was collected by a lens to a photomultlplier tube with appropriate filters. Second, the change of transmission 
through the sample was measured with an energy meter. (See Figure 1) Visual inspection was performed to confirm 
the breakdown at a nanosecond pulse duration. Figure 7 shows typical plasma emission and transmitted light signal 
versus incident laser energy plots, at a laser pulse width of Xp = 300 fs. It is worth noting that the transmission changed 

5 slowly at around Ffh- This can be explained by the temporal and spatial behavior of the breakdown with ultrashort 
pulses. Due to the spatial variation of the intensity, the breakdown will reach threshold at the center of the focus, and 
because of the short pulse duration, the generated plasma will stay localized. The decrease in transmitted light is due 
to the reflection, scattering, and absorption by the plasma. By assuming a gaussian profile in both time and space for 
the laser intensity, and further assuming that the avalanche takes the entire pulse duration to reach threshold, one can 

10 show that the transmitted laser energy Uf as a function of the input energy U is given by 

U, = kU, U<U,h 
U, = kU,h[1+ln(U/UJ]. U>Uth 

15 

where k is the linear transmission coefficient. The solid curve in Figure 7 is plotted using Eq. (1), with Uth as a fitting 
parameter. In contrast, breakdown caused by nanosecond laser pulses cuts off the transmitted beam near the peak of 
the pulses, indicating a different temporal and spatial behavior. 

Figure 8 shows the fluence breakdown threshold Fth as a function of laser pulse width. From 7 ns to about 10 ps, 

20 the breakdown threshold follows the scaling in the relatively long pulse width regime (triangles and squares) are also 
shown as a comparison - it can be seen that the present data is consistent with earlier work only in the higher pulse 
width portion of the curve. When the pulse width becomes shorter than a few picoseconds, the threshold starts to 
increase. As noted earlier with respect to opaque material (metal), this increased precision at shorter pulse widths is 
surprising. A large increase in damage threshold accuracy is observed, consistent with the multiphoton avalanche 

25 breakdown theory (See Figures 8 and 9.) It is possible to make features smaller than spot size in the x-y focal plane 
and smaller than the Rayleigh range (depth of focus) in the longitudinal direction or Z axis. These elements are essen- 
tial to making features smaller than spot size or Rayleigh range. 

Example 3 - Tissue 

30 

A series of experiments was performed to determine the breakdown threshold of cornea as a function of laser pulse 
width between 150 fs - 7 ns, using a CPA laser system. As noted earlier, in this CPA laser system, laser pulse width can 
be varied while all other experimental parameters (spot size, wavelength, energy, etc.) remain unchanged. The laser 
was focused to a spot size (FWHM) of 26 fxm in diameter. The plasma emission was recorded as a function of pulse 
35 energy in order to determine the tissue damage threshold. Histologic damage was also assessed. 

Breakdown thresholds calculated from plasma emission data revealed deviations from the scaling law, F^h a Y"^^, as 
in the case of metals and glass. As shown in Figure 9, the scaling law of the fluence threshold is true to about 10 ps, 
and fails when the pulse shortens to less than a few picoseconds. As shown in Figures 10 and 11 , the ablation or LIB 
threshold varies dramatically at high (long) pulse width. It is very precise at short pulse width. These results were 
40 obtained at 770 nm wavelengths. The standard deviation of breakdown threshold measurements decreased markedly 
with shorter pulses. Analysis also revealed less adjacent histological damage with pulses less than 10 ps. 

The breakdown threshold for ultrashort pulses (< 10 ps) is less than longer pulses and has smaller standard devi- 
ations. Reduced adjacent histological damage to tissue results from the ultrashort laser pulses. 

In summary it has been demonstrated that sub-wavelength holes can be machined into metal surfaces using fem- 
45 tosecond laser pulses. The effect is physically understood in terms of the thermal diffusion length, over the time period 
of the pulse deposition, being less than the absorption depth of the incident radiation. The interpretation is further based 
on the hole diameter being determined by the lateral gaussian distribution of the pulse in relation to the threshold for 
vaporization and ablation. 

Laser induced optical breakdown dielectrics consists of three general steps: free electron generation and multipli- 
50 cation, plasma heating and material deformation or breakdown. Avalanche ionization and multiphoton ionization are the 
two processes responsible for the breakdown. The laser induced breakdown threshold in dielectric material depends 
on the pulse width of the laser pulses. An empirical scaling law of the fluence breakdown threshold as a function of the 
pulse width is given by Fth ^ V'^p. or alternatively the intensity breakdown threshold, I th = F x^^h p . Although this scaling 
law applies in the pulse width regime from nanosecond to tens of picoseconds, the invention takes advantage of the 
55 heretofore unknown regime where breakdown threshold does not follow the scaling law when suitably short laser 
pulses are used, such as shorter than 7 picoseconds for gold and 10 picoseconds for Si02. 

While not wishing to be held to any particular theory it is thought that the ionization process of a solid dielectric Illu- 
minated by an intense laser pulse can be described by the general equation 
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dne (t)/dt = 11 (E)ne (t) + (dne (t)/dt) p, -(dn ^ (t)/dt) ,^33 

where ne(t) is the free electron (plasma) density, r|(E) is the avalanche coefficient, and E is the electric field strength. 
The second term on the right hand side is the photoionization contribution, and the third term is the loss due to electron 

5 diffusion, recombination, etc. When the pulse width is in the picosecond regime, the loss of the electron is negligible 
during the duration of the short pulse. 

Photoionization contribution can be estimated by the tunneling rate. For short pulses, E~ 10^ V/cm, the tunneling 
rate is estimated to be w ~ 4 x 10^ sec~\ which is small compared to that of avalanche, which is derived below. How- 
ever, photoionization can provide the initial electrons needed for the avalanche processes at short pulse widths. For 

10 example, the data shows at 1 ps, the rms field threshold is about 5x10^ V/cm. The field will reach a value of 3.5 x 1 0^ 
V/cm (rms) at 0.5 ps before the peak of the pulse, and w ~ 100 sec""". During a At ~ 100 fs period the electron density 
can reach n^ ~ nt[1 - exp(-wAt)] ~ 10"""" cm"^, where nt ~ 10^^ is the total initial valence band electron density 

Neglecting the last two terms there is the case of an electron avalanche process, with impact ionization by primary 
electrons driven by the laser field. The electron density is then given by n ^(t) = n ^ x exp(n(E)t) , where no is the initial 

15 free electron density These initial electrons may be generated through thermal ionization of shallow traps or photoion- 
ization. When assisted by photoionization at short pulse regime, the breakdown is more statistical. According to the 
condition that breakdown occurs when the electron density exceeds nth 10^^ cm"^ and an initial density of no - 10""° 
cm"^, the breatalown condition is then given by rjXp - 18. For the experiment, it is more appropriate to use nth 1-6 x 
lO^"" cm"^, the plasma critical density hence the threshold is reached when rjTp - 30. There is some arbitrariness in the 

20 definition of plasma density relating to the breakdown threshold. However, the particular choice of plasma density does 
not change the dependence of threshold as function of pulse duration (the scaling law). 

In the experiment, the applied electric field is on the order of a few tens of MV/cm and higher. Under such a high 
field, the electrons have an average energy of ~ 5 eV, and the electron collision time t is less than 0.4 fs for electrons 
with energy U > 5 - 6 eV. Electrons will make more than one collision during one period of the electric oscillation. Hence 

25 the electric field is essentially a dc field to those high energy electrons. The breakdown field at optical frequencies has 
been shown to correspond to dc breakdown field by the relationship E ^"^^ ^^{}n) = E + w^t ^) ^ where w is the 
optical frequency and t is the collision time. 

In dc breakdown, the ionization rate per unit length, a, is used to describe the avalanche process, with 
r| = a(E)Vjjrjn , where v^rift is the drift velocity of electrons. When the electric field is as high as a few MV/cm, the drift 

30 velocity of free electrons is saturated and independent of the laser electric field, Vdnft -2x10^ cm/s. 

The ionization rate per unit length of an electron is just eE/Uj times the probability P(E), that the electron has an 
energy > Uj, or a(E) = (eE/U j)P(E) . Denoting E^t^P, and Ej as threshold fields for electrons to overcome the deceler- 
ating effects of thermal, phonon, and ionization scattering, respectively Then the electric field is negligible, E < E^t, so 
the distribution is essentially thermal, P(E) is simply exp(-Ui/kT). It has been suggested: P(E) ~ exp(-const/E) for E^j < 

35 E < Epi P(E) ~ exp(-const/E^) at higher fields (E > Ep). Combining the three cases the expression that satisfies both low 
and high field limits: 

a(E) = (eE/Ui) exp(-Ei/(E(1+E/Ep)+E ^t)- 

40 This leads to Fth E^Xp ~ l/xp, i.e., the fluence threshold will increase for ultrashort laser pulses when E > VEpEj is 
satisfied. 

Figure 12 is a plot of a as a function of the electric field, E. From experimental data, calculated a according to ^xp 
= 30 and r| = av^j^jft ■ The solid curve is calculated from the above equation, using Ej = 30 MV/cm, Ep = 3.2 MV/cm, and 
E^T = 0.01 MV/cm. These parameters are calculated from U = eEl, where U is the appropriate thermal, phonon, and 

45 ionization energy and I is the correspondent energy relation length (I = I p 5 A , the atomic spacing, and Ij - 30 A). 
It shows the same saturation as the experimental data. The dashed line is corrected by a factor of 1 .7, which results in 
an excellent fit with the experimental data. This factor of 1 .7 is of relatively minor importance, as it can be due to a sys- 
tematic correction, or because breakdown occurred on the surface first, which could have a lower threshold. The uncer- 
tainty of the saturation value of Vdnft also can be a factor. The most important aspect is that the shape (slope) of the 

50 curve given by the equation provides excellent agreement with the experimental data. Thus, the mechanism of laser 
induced breakdown in fused silica (Example 2), using pulses as short as 150 fs and wavelength at 780 nm, is likely still 
dominated by the avalanche process. 

Opaque and transparent materials have common characteristics in the curves of Figures 3, 8, and 9 each begins 
with Fth versus behavior but then distinct change from that behavior is evident. From the point of deviation, each 

55 curve is not necessarily the same since the materials differ. The physical characteristics of each material differ requiring 
a material specific analysis. In the case of Si02 (Figure 8) the energy deposition mechanism is by dielectric breakdown. 
The optical radiation is releasing electrons by multiphoton ionization (MPI) that are tightly bound and then accelerating 
them to higher energies by high field or the laser. It is thought that only a small amount of relatively high energy elec- 
trons exist prior to the laser action. The electrons in turn collide with other bound electrons and release them in the ava- 
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lanching process. In the case of metal, free electrons are available and instantly absorbing and redistributing energy. 
For any material, as the pulses get shorter, laser induced breakdown (LIB) or ablation occurs only in the area where the 
laser intensity exceeds LIB or ablation threshold. There is essentially insufficient time for the surrounding area to react 
thermally As pulses get shorter, vapor from the ablated material comes off after the deposition of the pulse, rather than 
5 during deposition, because the pulse duration is so short. In summary, by the method of the invention, laser induced 
breakdown of a material causes thermal-physical changes through ionization, free electron multiplication, dielectric 
breakdown, plasma formation, other thermal-physical changes in state, such as melting and vaporization, leading to an 
irreversible change in the material. It was also observed that the laser intensity also varies along the propagation axis 
(Figure 13). The beam intensity as a function of R and Z expressed as : 

10 

l(Z, R) = lo/(1 +Z/Zr)^exp(-2R^/W/) 
where Zr is the Rayleigh range and is equal to 

\A/ 2 



Wo is the beam size at the waist (Z = 0). 
20 We can see that the highest value of the field is at Z = R = 0 at the center of the waist. If the threshold is precisely 
defined it is possible to damage the material precisely at the waist and have a damaged volume representing only a 
fraction of the waist in the R direction or in the Z direction. It is very important to control precisely the damage threshold 
or the laser intensity fluctuation. 

For example, if the damage threshold or the laser fluctuation is known within 1 0% that means that on the axis (R = 

25 0) 

l(0,Z)/l, = 1/(1 +(Z/Zr)' = .9 

damaged volume can be produced at a distance Zp/3 where Zp again is the Rayleigh range. For a beam waist of 
30 Wq = A, then 




and the d distance between hole can Zr ^ as shown in Figure 13. 

The maximum intensity is exactly at the center of the beam waist (Z = 0, R = 0). For a sharp threshold it is possible 
to damage transparent, dielectric material in a small volume centered around the origin point (Z = 0, R = 0). The dam- 
age would be much smaller than the beam waist in the R direction. Small cavities, holes, or damage can have dimen- 

40 sions smaller than the Rayleigh range (Zr) in the volume of the transparent, dielectric material. In another variation, the 
lens can be moved to increase the size of the hole or cavity in the Z dimension. In this case, the focal point is essentially 
moved along the Z axis to increase the longitudinal dimension of the hole or cavity These features are important to the 
applications described above and to related applications such as micro machining, integrated circuit manufacture, and 
encoding data in data storage media. 

45 Advantageously the invention identifies the regime where breakdown threshold f luence does not follow the scaling 
law and makes use of such regime to provide greater precision of laser induced breakdown, and to induce breakdown 
in a preselected pattern in a material or on a material. The invention makes it possible to operate the laser where the 
breakdown or ablation threshold becomes essentially accurate. The accuracy can be clearly seen by the l-bars along 
the curves of Figures 8 and 9. The l-bars consistently show lesser deviation and correspondingly greater accuracy in 

50 the regime at or below the predetermined pulse width. 

While this invention has been described in terms of certain embodiment thereof, it is not intended that it be limited 
to the above description, but rather only to the extent set forth in the following claims. 

The embodiments of the invention in which an exclusive property or privilege is claimed are defined in the 
appended claims. 

55 

Claims 

1. A method for laser induced breakdown (LIB) of a material with a pulsed laser beam, the material being character- 
ized by a relationship of f luence breakdown threshold versus laser pulse width that exhibits a rapid and distinct 
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change in slope at a characteristic laser pulse width, said method comprising the steps of : 

a) generating a beam of one or more laser pulses in which each pulse has a pulse width equal to or less than 
said characteristic laser pulse width ; and 
5 b) focusing said beam to a point at or beneath the surface of the material. 

2. The method according to claim 1 wherein said relationship defines a curve, said change in slope occurs at a point 
between first and second portions of said curve, said first portion spanning a range of relatively long pulse width 
where varies with the square root of pulse width (T^"^), and said second portion spanning a range of short pulse 

10 width relative to said first portion with a Ffh versus T slope which differs from that of said first portion. 

3. The method according to claim 2 and further including : 

a) identifying a pulse width start point ; 
15 b) focusing the laser beam initial start point at or beneath the surface of the material ; and 

c) scanning said beam along a predetermined path in a transverse direction. 

4. The method according to claim 2 and further including : 

20 a. identifying a pulse width start point ; 

b. focusing the laser beam initial start point at or beneath the surface of the material ; and 

c. scanning said beam along a predetermined path in a longitudinal direction in the material to a depth smaller 
than the Rayleigh range. 

25 5. The method according to claim 1 and further including, before step (a),determining, for said selected material, a 
characteristic curve of f luence breatelown threshold (Ffh) as a function of laser pulse width ; and then identifying 
said characteristic laser pulse width value on said curve corresponding to said distinct change in said slope of said 
Ffh versus pulse width curve characteristic of said material. 

30 6. The method according to claim 1 wherein said characteristic pulse width is obtained by determining the abla- 
tion(LIB) threshold of the material as a function of pulse width and determining where the ablation (LIB) threshold 
function is no longer proportional to the square root of pulse width. 

7. The method according to claim 1 wherein the material is a metal, the pulse width is 10 to 10,000 femtoseconds, 
35 and the beam has an energy of 1 nanojoule to 1 microjoule. 

8. The method according to claim 1 wherein the laser beam defines a spot and has a lateral gaussian profile charac- 
terized in that f luence at or near the center of the beam spot is greater than the threshold f luence whereby the laser 
induced breakdown is ablation of an area within the spot. 

40 

9. The method according to claim 8 wherein the spot size is a diffraction limited spot size providing an ablation cavity 
having a diameter less than the fundamental wavelength size. 

1 0. The method according to claim 1 wherein the material is transparent to radiation emitted by the laser and the pulse 
45 width is 10 to 10,000 femtoseconds, the beam has an energy of 10 nanojoules to 1 millijoule. 

1 1 . The method according to claim 1 wherein the material is biological tissue, the pulse width is 1 0 to 1 0,000 femtosec- 
onds and the beam has an energy of 10 nanojoules to 1 millijoule. 

50 12. The method according to claim 1 wherein the laser beam has an energy in a range of 10 nanojoules to 1 millijoule. 

1 3. The method according to claim 1 wherein the laser beam has a f luence in a range of 1 00 millijoules per square cen- 
timeter to 100 joules per square centimeter. 

55 14. The method according to claim 1 wherein the laser beam defines a spot in or on the material and the LIB causes 
ablation of an area having a size smaller than the area of the spot. 

15. The method according to claim 1 wherein the laser beam has a wavelength in a range of 200 nanometers to 2 
microns. 



9 



EP 0 754 103 B1 



16. The method according to claim 1 wherein the pulse width is in a range of a few picoseconds to femtoseconds. 

17. The method according to claim 1 wherein the breakdown includes chemical and physical changes caused by ioni- 
zation, free electron multiplication, dielectric breateiown, plasma formation, and/or vaporization. 

5 

18. The method according to claim 1 wherein the breakdown includes plasma formation. 

19. The method according to claim 1 wherein the breakdown includes disintegration. 
10 20. The method according to claim 1 wherein the breakdown includes ablation. 

21. The method according to claim 1 wherein the breakdown includes vaporization. 

22. The method according to claim 1 wherein the spot size is varied by flexible diaphragm to a range of 1 to 100 
15 microns. 

23. The method according to claim 1 wherein a mask is placed in the path of the beam to block a portion of the beam 
to cause the beam to assume a desired geometric configuration. 

20 24. The method according to claim 1 wherein the laser operating mode is non-TEMoo. 

25. The method according to any one of claims 1 , 2, or 5 wherein said beam is obtained by chirped-pulse amplification 
(CPA) means comprising means for generating a short optical pulse having a predetermined duration ; means for 
stretching such optical pulse in time ; means for amplifying such time-stretched optical pulse including solid state 

25 amplifying media ; and means for recompressing such amplified pulse to desired duration. 

26. The method according to claim 1 wherein the spot size is varied within a range of 1 to 100 microns by changing the 
f number of the laser beam. 

30 27. The method according to claim 1 wherein the spotsize is varied within a range of 1 to 100 microns by varying the 
target position. 

28. The method according to claim 5 wherein the breatelown includes chemical and plysical changes. 
35 Patentanspriiche 

1 . Verfahren zur laserinduzierten Zerstdrung (laser induced breakdown: LIB) von Material mit einem gepulsten Laser- 
strahl, wobei das Material durch eine Beziehung des Fluenzzerstdrungsschwellwerts gegenuber der Laserimpuls- 
breite gekennzeichnet ist, die eine rasche und ausgepragte Steigungsdnderung bei einer charakteristischen 

40 Laserimpulsbreite zeigt, umfassend die folgenden Schritte: 

a) Erzeugen eines Strahls mit einem oder mehreren Laserimpulsen, die jeweils die gleiche Oder eine geringere 
Impulsbreite besitzen wie/als die charakteristische Laserimpulsbreite, und 

b) Fokussieren des Strahls auf einen Punkt an oder unter der Oberf Idche des Materials. 

45 

2. Verfahren nach Anspruch 1 , wobei die Beziehung eine Kurve def iniert, die Steigungsanderung an einem Punkt zwi- 
schen einem ersten und zweiten Abschnitt der Kurve auftritt, der erste Abschnitt einen Bereich relativ groBer 
Impulsbreite umfaBt, in dem Fth mit der Quadratwurzel der Impulsbreite (T^^^) variiert, und der zweite Abschnitt 
einen Bereich geringer Impulsbreite im Vergleich zum ersten Abschnitt umfaBt, wobei die Steigung von Fth uber T 

50 von der des ersten Abschnitts abweicht. 

3. Verfahren nach Anspruch 2, weiterhin mit: 

a) Identifizieren eines Impulsbreitenstartpunkts, 
55 b) Fokussieren des anfanglichen Laserstrahlstartpunkts an oder unter der Oberflache des Materials, und 

c) Abtasten des Strahls bzw. mit dem Strahl entlang eines vorbestimmten Pfads in transversaler Richtung. 

4. Verfahren nach Anspruch 2, weiterhin mit: 
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a) Identif izieren eines Impulsbreitenstartpunkts, 

b) Fokussieren des anfanglichen Laserstrahlstartpunkts an oder unter der Oberflache des Materials, und 

c) Abtasten des Strahls bzw. mit dem Strahl entlang eines vorbestimmten Pfads in longitudinaler Richtung in 
dem Material bis zu einer Tiefe unterhalb des Rayleigh-Bereichs. 

5 

5. Verfahren nach Anspruch 1 , vor dem Schritt a) weiterhin mit 

Bestimmen einer charakteristischen Kurve des Fluenzzerstorungsschwellwerts (Fth) als Funktion der Laser- 
impulsbreite fur das ausgewahlte Material, und anschlieBendem Identif izieren des charakteristischen Laserimpuls- 
breitenwerts auf der Kurve, der der ausgeprdgten Steigungsdnderung von Fth gegenuber der Impulsbreitenkurve 
10 entspricht, die fur das Material charakteristisch ist. 

6. Verfahren nach Anspruch 1, wobei die charakteristische Impulsbreite durch Bestimmen des Abtragungs(LIB)- 
SchwellwertS des Materials als Funktion der Impulsbreite und durch Bestimmen, wo die Abtragungs(LIB)-Schwell- 
wertfunktion nicht mehr proportional zur Quadratwurzel der Impulsbreite Ist, erhalten wird. 

15 

7. Verfahren nach Anspruch 1, wobei das Material ein Metall ist, die Impulsbreite 10 bis 10 000 Femtosekunden 
betragt, und der Strahl eine Energie von 1 Nanojoule bis 1 Mikrojoule besitzt. 

8. Verfahren nach Anspruch 1, wobei der Laserstrahl einen Fleck definiert und ein laterales Gauf3profil besitzt, 
20 dadurch gekennzeichnet, da3 die Fluenz bei oder in der Nahe des Zentrums des Strahlflecks groBer als die 

Schwellwertfluenz ist, wobei die laserinduzierte Zerstdrung ein Abtragen eines Bereichs innerhalb des Fleckens 
ist. 

9. Verfahren nach Anspruch 8, wobei die FleckgroBe eine beugungsbegrenzte FleckgroBe ist, die einen Abtragungs- 
25 hohlraum mit einem Durchmesser von weniger als der Grundwellenldnge schafft. 

1 0. Verfahren nach Anspruch 1 , wobei das Material gegenuber der vom Laser emittierten Strahlung transparent ist, die 
Impulsbreite 10 bis 10 000 Femtosekunden betragt, und der Strahl eine Energie von 10 Nanojoule bis 1 Millijoule 
besitzt. 

30 

1 1 . Verfahren nach Anspruch 1 , wobei das Material biologisches Gewebe ist, die Impulsbreite 1 0 bis 1 0 000 Femtose- 
kunden betragt, und der Strahl eine Energie von 10 Nanojoule bis 1 Millijoule besitzt. 

12. Verfahren nach Anspruch 1, wobei der Laserstrahl eine Energie im Bereich von 10 Nanojoule bis 1 Millijoule 
35 besitzt. 

13. Verfahren nach Anspruch 1 , wobei der Laserstrahl eine Fluenz im Bereich von 100 Millijoule pro Quadratzentimeter 
bis 100 Joule pro Quadratzentimeter besitzt. 

40 14. Verfahren nach Anspruch 1 , wobei der Laserstrahl einen Fleck in oder auf dem Material definiert und die LIB das 
Abtragen einer Flache verursacht, deren AusmaB kleiner als die Flache des Fleckens ist. 

15. Verfahren nach Anspruch 1, wobei der Laserstrahl eine Wellenldnge im Bereich von 200 Nanometer bis 2 Mikro- 
meter besitzt. 

45 

16. Verfahren nach Anspruch 1 , wobei die Impulsbreite in einem Bereich von wenigen Picosekunden bis Femtosekun- 
den liegt. 

17. Verfahren nach Anspruch 1, wobei die Zerstorung chemische und physischen bzw. physikalische Anderungen mit- 
50 einschlieBt, die durch lonisation, freie Elektronenmultiplikation, dielektrischen Durchschlag, Plasmabildung 

und/oder Verdampfung verursacht sind. 

18. Verfahren nach Anspruch 1, wobei die Zerstorung Plasmabildung umfaBt. 

55 19. Verfahren nach Anspruch 1 , wobei die Zerstdrung Zerfall bzw. Zerstaubung umfaBt. 

20. Verfahren nach Anspruch 1 , wobei die Zerstorung Abtragung umlaBt. 

21. Verfahren nach Anspruch 1, wobei die Zerstorung Verdampfung umfaBt. 
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22. Verfahren nach Anspruch 1, wobei die FleckgroBe durch eine flexible Blende im Bereich von 1 bis 100 Mikrometer 
variiert wird. 

23. Verfahren nach Anspruch 1 , wobei eine Maske in dem Lichtpfad plaziert wird, urn einen Teil des Strahls zu blockie- 
5 ren, damit der Strahl veranlaBt wird, eine gewunschte geometrische Form anzunehmen. 

24. Verfahren nach Anspruch 1 , wobei der Laserbetriebsmodus Nicht-TEMoo ist. 

25. Verfahren nach einem der Anspruche 1 , 2 oder 5, wobei der Strahl durch eine Chirpimpulsverstdrkungseinrichtung 
10 (chirped-pulse amplification: CPA) mit einer Einrichtung zum Erzeugen eines kurzen optischen Impulses einer vor- 

bestimmten Dauer, einer Einrichtung zum zeitlichen Dehnen eines solchen optischen Impulses, einer Einrichtung 
zum Verstarken eines solchen zeitlich gedehnten optischen Impulses einschlieBlich von Festkorperverstarkungs- 
medien und einer Einrichtung zum erneuten oder Zuruckkomprimieren eines solchen verstdrkten Impulses auf 
eine gewunschte Dauer, erhalten wird. 

15 

26. Verfahren nach Anspruch 1 , wobei die FleckgroBe in einem Bereich von 1 bis 100 Mikrometer durch Andern der f- 
Zahl des Laserstrahls variiert wird. 

27. Verfahren nach Anspruch 1, wobei die FleckgroBe in einem Bereich von 1 bis 100 Mikrometer durch Andern der 
20 Objekt- bzw. Zielposition variiert wird. 

28. Verfahren nach Anspruch 5, wobei die ZerstOrung chemische und physische bzw. physikalische Anderungen 
umfaBt. 

25 Revendications 

1 . Proc6d§ de claquage par laser (LIB) d'un mat^riau avec un faisceau laser pulse, le mat^riau §tant caract^rise par 
une relation de seuil de f luence de claquage, en fonction de la largeur d'impulsion laser, qui presente un change- 
ment de pente rapide et marque a une largeur d'impulsion laser caracteristique, le precede comprenant les etapes 

30 consistant k : 

a) generer un faisceau d'une ou plusieurs impulsions laser dans lequel chaque impulsion a une largeur 
d'impulsion egale ou inf6rieure k ladite largeur d'impulsion laser caracteristique ; et 

b) focaliser ledit faisceau en un point sur la surface ou au-dessous de la surface du materiau. 

35 

2. Precede selon la revendication 1 , dans lequel ladite relation def init une courbe, ledit changement de pente survient 
en un point situe entre des premiere et seconde parties de ladite courbe, ladite premiere partie englobant une eten- 
due de largeur d'impulsion relativement longue ou F^h varie avec la racine carree de la largeur d'impulsion (T^^), 
et ladite seconde partie englobant une etendue de largeur d'impulsion courte par rapport k ladite premiere partie 

40 avec une pente de Fth en fonction de T qui differe de celle de la premiere partie. 

3. Precede selon la revendication 2 et comprenant en outre : 

a) identification d'un point de depart de largeur d'impulsion ; 
45 b) la focalisation du point de depart initial du faisceau laser sur la surface ou au-dessous de la surface du mate- 

riau ; et 

c) le balayage dudit faisceau le long d'un trajet predetermine dans une direction transversale. 

4. Proc^d^ selon la revendication 2 et comprenant en outre : 

50 

a. identification d'un point de depart de largeur d'impulsion ; 

b. la focalisation du point de depart initial du faisceau laser sur la surface ou au-dessous de la surface du mate- 
riau ; et 

c. le balayage dudit faisceau le long d'un trajet predetermine dans une direction longitudinale dans le materiau 
55 jusqu'a une profbndeur inferieure a la gamme de Rayleigh. 

5. Precede selon la revendication 1 et comprenant en outre, avant I'etape (a), la determination, pour ledit materiau 
choisi, d'une courbe caracteristique du seuil de f luence (Ff^) de claquage en fonction de la largeur d'impulsion laser 
; et, ensuite, identification de ladite valeur de largeur d'impulsion laser caracteristique sur ladite courbe correspon- 
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dant audit changement marque de ladite pente de ladite courbe caracteristique F^J^ en Ibnction de la largeur 
d'impulsion dudit mat^riau. 



6. Prcx;^de selon la revendication 1 , dans lequel ladite largeur d'impulsion caracteristique est obtenue en determinant 
5 le seuil d'ablation (LIB) du materiau en fonction de la largeur d'impulsion et en determinant I'endroit ou la fonction 

de seuil d'ablation (LIB) n'est plus proportionnelle a la racine carree de la largeur d'impulsion. 

7. Procede selon la revendication 1 , dans lequel le materiau est du metal, la largeur d'impulsion est de 10 a 10 000 
femtosecondes, et le laisceau a une ^nergie allant de 1 nanojoule k 1 microjoule. 

10 

8. Procede selon la revendication 1 , dans lequel le faisceau laser def init un point et a un profit gaussien lateral carac- 
t^ris^ en ce que la f luence sur ou pres du centre du point de faisceau est sup^rieure k la fluence de seuil, le cla- 
quage induit par laser etant ainsi I'ablation d'une zone a I'interieur du point. 

15 9, Procede selon la revendication 8, dans lequel la taille du point est une taille de point limitee par diffraction fournis- 
sant une cavite d'ablation a/ant un diametre inferieur a la longueur d'onde fondamentale. 

10. Procede selon la revendication 1 , dans lequel le materiau est transparent aux radiations emises par le laser et la 
largeur d'impulsion va de 10 a 10 000 femtosecondes, le faisceau ayant une energie allant de 10 nanojoules a 1 

20 millijoule. 

1 1 . Proc^6 selon la revendication 1 , dans lequel le materiau est un tissu biologique, la largeur d'impulsion va de 1 0 ^ 
10 000 femtosecondes et le faisceau a une Energie allant de 10 nanojoules k 1 millijoule. 

25 1 2. Procede selon la revendication 1 , dans lequel le faisceau laser a une Energie comprise dans la gamme de 1 0 nano- 
joules k 1 millijoule. 

13. Procede selon la revendication 1, dans lequel le faisceau laser a une fluence comprise dans la gamme de 100 
milllijoules par centimetre carre a 100 joules par centimetre carre. 

30 

14. Procede selon la revendication 1 , dans lequel le faisceau laser def init un point dans ou sur le materiau et la LIB 
entratne I'ablation d'une zone ayant une taille inferieure a la zone du point. 

15. Procede selon la revendication 1, dans lequel le faisceau laser a une longueur d'onde comprise dans la gamme 
35 allant de 200 nanometres k 2 micrometres. 

16. Procede selon la revendication 1, dans lequel la largeur d'impulsion est comprise dans la gamme allant de quel- 
ques picosecondes a quelques femtosecondes. 

40 17. Procede selon la revendication 1, dans lequel le claquage comprend des changements chimiques et physiques 
enframes par I'ionisation, la multiplication d'electrons libres, le claquage dielectrique, la formation de plasma, et/ou 
la vaporisation. 

18. Proc^e selon la revendication 1 , dans lequel le claquage comprend la formation de plasma. 

45 

19. Proc^e selon la revendication 1, dans lequel le claquage comprend la disintegration. 

20. Procede selon la revendication 1 , dans lequel le claquage comprend I'ablation. 

50 21 . Procede selon la revendication 1 , dans lequel le claquage comprend la vaporisation. 

22. Procede selon la revendication 1 , dans lequel la taille du point est modif iie par un diaphragme souple dans une 
gamme de 1 a 100 micrometres. 

55 23. Procede selon la revendication 1 , dans lequel un masque est place sur le trajet du faisceau pour bloquer une partie 
du faisceau af in que le faisceau prenne une configuration giomitrique souhaitie. 

24. Procede selon la revendication 1 , dans lequel le mode de fonctionnement du laser n'est pas TEMoo. 
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25. Procede selon I'une quelconque des revendications 1, 2 ou 5, dans lequel ledit faisceau obtenu par des moyens 
d'amplif ication par compression-expansion d'impulsion (CPA) comprenant des moyens pour generer une impulsion 
optique courte ayant une duree predeterminee ; des moyens pour allonger cette impulsion optique dans le temps 
; des moyens pour amplifier cette impulsion optique allongee dans le temps comprenant un support d'amplif ication 

5 a semi-conducteur ; et des moyens pour recomprimer cette impulsion amplif iee a une duree souhaitee. 

26. Procede selon la revendication 1 , dans lequel la taille du point varie dans une gamme allant de 1 a 100 microme- 
tres en changeant le nombre f du faisceau laser. 

10 27. Procede selon la revendication 1 , dans lequel la taille du point varie dans une gamme allant de 1 ^100 microme- 
tres en modif iant la position cible. 

28. Procede selon la revendication 5, dans lequel le claquage comprend des modifications chimiques et physiques. 
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